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Continuing PhagotrophyPlastids evolved after a cell entered a genetically different cell, followed by
integration of the two genomes. Many photosynthetic cells can ingest organic
particles as food, as now demonstrated in an ancestral green alga.Figure 1. Cymbomonas.
Light micrograph of Cymbomonas. The
feeding duct opens to the exterior at the
anterior end of the cell, i.e. the end at which
the four flagella are inserted. The cells do
not always swim with the anterior end
forward. Scale bar represents 5 mm. Photo
courtesy of Eunsoo Kim.John A. Raven
Some eukaryotic photosynthetic
organisms are capable of ingesting
organic particles into their
cells — when the particles are
digested, this combination is termed
mixotrophy. Photosynthetic
eukaryotes originated by ingestion of
pre-existing photosynthetic cells by
(typically) non-photosynthetic cells,
followed by genetic integration.
The first plastids came from a
cyanobacterial endosymbiont, and the
descendants of this ancestor with
vertical inheritance of plastids are the
Archaeplastida, a group which
comprise, in order of evolutionary
divergence, glaucophytes, red algae,
green algae and, derived from the
green algae, ‘higher’ (embryophytic)
plants [1]. The occurrence of
photosynthesis in other eukaryotic
algae such as coccolithophores,
diatoms, dinoflagellates and
euglenoids involved second, and
even third, rounds of endosymbiosis
of eukaryotic photosynthetic algae,
the first round involving members of
the Archaeoplastida, with other
eukaryotic cells [1]. Algae such as
coccolithophores, diatoms, brown
algae and dinoflagellates arose from
endosymbiosis of a red alga, while
euglenoids arose from endosymbiosis
of a green alga [1].
Phagotrophy, or the ingestion of
living or dead particles by cells, occurs
in many groups of photosyntheticeukaryotes, including many algae
that arose by secondary or tertiary
endosymbiosis — even in
embryophytes, which arose from the
primary endosymbiotic event [2,3].
However, phagotrophy by algae has
only been clearly demonstrated in a few
green algae (e.g,. [4]). In a recent issue
of Current Biology, Maruyama and Kim
[5] demonstrate phagotrophy, and,
crucially, some of its structural bases,
in the early-diverging marine flagellate
green alga Cymbomonas (Figure 1). In
the conditions under which the algae
were grown in this study and in which
phagotrophy occurred, it seems that
light availability for photosynthesis
limited growth and possibly triggered
phagotrophy [5], contrasting with
the common requirements for
phagotrophy in nitrogen, phosphorus
and iron acquisition in algae under
natural conditions [2]. To put this in
perspective, it is becoming clear that
algae less than 5 mm in diameter are the
main bacterivores and also the main
autotrophic CO2 assimilators in parts of
the oligotrophic ocean [6,7].
The authors of this new study
showed that the feeding apparatus of
Cymbomonas consists of a duct from
the external environment leading to an
acidic vacuole in which digestion
occurs [5]. The smooth-walled duct,
with a striated root that could be
involved in ingestion of prey, contrasts
with the invaginated membrane of the
food vacuole that might be related to
transfer of the products of digestioninto the cytosol [5]. However, much
remains to be elucidated on the
ecology, cell biology and evolution of
the mixotrophy of Cymbomonas. The
question of the evolution of this
process is significant because of the
evolutionary origin of phagotrophy in
Cymbomonas and its relatives. One
possibility is that phagotrophy in this
lineage is inherited from the ancestor of
the Archaeoplastida, where it was
presumably involved in the primary
plastid endosymbiotic event [5].
Such an origin would require that
phagotrophy was lost in the
glaucophytes — red algae and other
green algae. The other possibility is
that phagotrophy was lost in the
Archaeplastida and that this mode of
feeding was regained by horizontal
gene transfer [5]. Distinguishing
between these alternatives requires
more information on the molecular and
genetic bases of mixotrophy in a range
Dispatch
R531of protists, including the currently
unknown non-photosynthetic ancestor
of the Archaeoplastida.
The discussion so far of the
phagotrophy-plus-phototrophy
version of mixotrophy has focussed on
organisms lacking a cell wall.
Phagotrophic ingestion of food
into cells is common in other
wall-less organisms, such as
non-photosynthetic protists and a
range of metazoans, where
phagotrophy can occur in parallel with
the vertebrate mechanism of
extracellular digestion of food with
subsequent uptake across the
digestive tract epithelium. Also, as a
role in non-photosynthetic nutrition,
phagotrophy is involved in acquiring
photosynthesis by retaining plastids
from their food material (kleptoplasty)
or by uptake and retention of whole
algal (including cyanobacterial) cells
[2,8]. More widely, intracellular
symbionts in metazoa are involved in
acquiring the capacity to obtain their
energy by oxidising inorganic
compounds, for example, the
sulphide-oxidising bacterium in the
tube worm Riftia [9], and in providing
essential amino acids to hosts, such as
aphids whose food source has a very
limited range of amino acids [10].
A further role of phagotrophy in
metazoans is by macrophages
ingesting and digesting pathogenic
bacteria as part of the immune
response.
Intracellular symbiosis can also
occur in walled cells. Here, there is
clearly a problem of symbiont entry
through a cell wall, especially if, as is
usually the case, the host cells are
turgid [3,11]. One way in which
symbionts can enter is where cells of
equal turgor pressure abut one
another [11]. Another way involves the
infection thread process in temperate
legumes, where interaction of host
roots hairs and symbiont allows
rhizobial cells to enter the cells by
localised digestion of the root hair cell
wall and invagination of the plant
plasma membrane [12]. The ability of
microbial cells (bacteria, yeast) to
enter walled plant cells has been
demonstrated for microbial cells
which are not plant symbionts, andinvolving plants that do not form
symbiosis with other cells [3]. In this
case, the entry of microbial cells is
through immediate nutritional input of
nitrogen and phosphorus rather than
informational from nucleic acids and
proteins [3].
For endosymbionts in algae with cell
walls, wall-less gametes or spores can
form a path into the cell, as considered,
but ruled out, for the entry of eukaryotic
parasites into diatoms [13]. Such a
pathway is possible for endosymbioitic
bacteria in acellular marine green
macroalgae [14–16], and there is a
potential route for symbiont entry in the
wall-less gametes involved in external
fertilization. The same route is possible
for the endosymbionts of freshwater
and marine diatoms [17], and the
bacterial endosymbionts penetrating
the plastids of a freshwater diatom [18].
Wall-less gametes and spores also
form a pathway of plastids into ciliates
which photosynthesise using plastids
from macroalgae [19] — these ciliates
cannot ingest plastids from walled
macroalgal cells, but can ingest
plastids from their wall-less
reproductive cells.
Thus, there is a widespread capacity
of photosynthetic organisms to
incorporate microbial cells into their
own cells. This incorporation can have
nutritional roles — in the short-term
when the incorporated cells are
digested, and in the longer-term when
the microbial cells are retained as, for
example, symbiotic nitrogen fixers.
Many questions remain, such as
how many independent origins of
phagotrophy have there been, and
how microbial cells enter turgid walled
cells.
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